Precise gene expression ensures proper stem and progenitor cell differentiation, lineage commitment and organogenesis during mammalian development. ATP-dependent chromatin-remodeling complexes utilize the energy from ATP hydrolysis to reorganize chromatin and, hence, regulate gene expression. These complexes contain diverse subunits that together provide a multitude of functions, from early embryogenesis through cell differentiation and development into various adult tissues. Here, we review the functions of chromatin remodelers and their different subunits during mammalian development. We discuss the mechanisms by which chromatin remodelers function and highlight their specificities during mammalian cell differentiation and organogenesis.
Introduction
Organogenesis involves the development, differentiation, migration and maturation of a variety of cell types, many of which are defined by specific gene expression programs (Young, 2011) . Gene expression programs operate within the confines of chromatin and hence chromatin organization influences key aspects of mammalian development. Major factors that affect chromatin organization are: (1) DNA methylation; (2) covalent modification of histones; and (3) ATP-dependent alterations to chromatin. ATP-dependent chromatin alteration is accomplished by several multi-subunit chromatinremodeling complexes that utilize energy derived from ATP hydrolysis to alter nucleosome structure or conformation and, thereby, regulate the access of transcription factors to their cognate DNA binding sites. These chromatin-remodeling complexes are primarily made up of a single ATPase and multiple associated subunits. The ATPase subunit binds and hydrolyzes ATP, while the associated subunits modulate the catalytic activity of the ATPase subunit and provide specificity to genome binding. Thus, combinatorial assembly of different ATPase and associated subunits gives rise to a diverse set of chromatin-remodeling complexes with cell-and tissue-specific functions (Ho and Crabtree, 2010; Wang et al., 1996; Wu et al., 2009) .
Recent advances in mass spectrometry and high-throughput sequencing have identified and characterized several ATPdependent chromatin-remodeling complexes in mammals. One conclusion of these studies is that chromatin-remodeling complexes facilitate the transcription of a group of genes while simultaneously inhibiting inappropriate expression of other genes to establish a specific cell identity. Here, we review four major classes of ATPdependent chromatin-remodeling enzymes and their subunits, and discuss how they function during cell differentiation and development in mammals. We summarize evidence suggesting that tissue-specific chromatin-remodeler subunits often form a unique complex that collaborates with lineage-specific transcription factors for recruitment to regulatory sites in the genome, where they remodel chromatin to favor transcription factor binding and regulate lineage-specific gene transcription.
Types of ATP-dependent chromatin-remodeling complexes
All ATP-dependent chromatin-remodeling complexes contain an ATPase subunit belonging to the SNF2 family of DNA helicases and one or more associated subunits. SNF2 family proteins can be divided into four major subfamilies based on sequence similarity between their ATPase domains, with each subfamily being distinguished by the presence of distinct domains (Fig. 1 ). These four major subfamilies are SWI/SNF (switch/sucrose non-fermentable), ISWI (imitation SWI), CHD (chromodomain helicase DNA-binding) and INO80 [SWI2/SNF2 related (SWR)]. Each of these subfamilies consists of several protein(s) or protein complexes that contains up to 16 different subunits. While the ATPase subunits perform the basic catalytic activities of the complex, the associated subunits have important roles in modulating the catalytic activity. For example, the associated subunit IES2 in the INO80 complex activates the ATPase activity of the catalytic INO80 subunit, whereas two other subunits -IES6 and ARP5 -facilitate binding of the INO80 complex to nucleosomes . Similar modulation of the ATPase domain activity by other domains and associated subunits has been shown for SWI/SNF Sen et al., 2013) and ISWI (Clapier and Cairns, 2012; Hota et al., 2013) complexes. Furthermore, the assembly of tissue-specific isoforms of associated subunits into these complexes confers unique properties that are particularly suited to the tissue type and help in recruiting these complexes to tissuespecific regulatory genomic loci. Indeed, various complexes with different subunit compositions have been identified in specific cells and tissues during development. For example, the BAF60C isoform of the associated BAF60 subunit in the mammalian SWI/SNF complex has important roles in regulating heart and muscle gene transcription, whereas a SWI/SNF complex containing BAF60A has minimal role in these tissue types (Forcales et al., 2012; Lickert et al., 2004) . As more and more tissue-specific chromatin-remodeler subunits are identified, it will be crucial to understand the subunit composition of these remodelers and the mechanisms through which they regulate tissue-specific gene expression.
Developmental roles of SWI/SNF-like complexes SWI/SNF complexes, which contain SWI2 or SNF2 ATPase subunits, were initially identified in Saccharomyces cerevisiae, with brahma (brm) in Drosophila and Brm and Brahma-related gene 1 (Brg1) in mammals subsequently being identified as homologs. This led to the identification of various complexes containing these subunits in mammalian cells. BRM/BRG1-associated factor (BAF) complexes are large ∼1.5 MDa complexes ( Fig. 2A) and consist of at least 15 different subunits, including either BRM or BRG1 as the ATPase subunit (Table 1) . Depending upon the ATPase and associated subunits that they contain, these complexes can be classed into BAF250A-containing BAF-A complexes or BAF250B-containing BAF-B complexes. Furthermore, BAF200-, BAF180 ( polybromo)-and BRD7-containing complexes can associate with the BRG1 ATPase subunit, but not BRM, to form a polybromo-associated BAF (PBAF) complex (Yan et al., 2008) . BAF complexes are similar to yeast SWI/SNF complexes, but are more diverse in their subunit composition and have roles both in activation and repression of genes, performing key functions during development (Ho and Crabtree, 2010; Wang et al., 1996) . Below, we describe some of the key functions of BAF complexes and subunits at different stages of mammalian development and discuss their mechanisms of action.
BAF complex function in preimplantation development and embryonic stem cells BAF complex components have varied roles throughout early development in mammals (Fig. 3) . After fertilization, the transcriptionally inert zygotic genome is activated to initiate high transcriptional activity, a process known as zygotic genome activation (ZGA). BRG1 has essential roles in ZGA as it regulates global dimethyl H3K4 levels to control zygotic transcription (Bultman et al., 2006) . After ZGA, blastomeres rapidly divide to form a compact blastula of 16-40 cells. By embryonic day 3 (E3), blastula cells polarize to form cells of the inner cell mass (ICM) and the outer layer of trophectoderm (TE).
Embryonic stem cells (ESCs) are derived from the ICM of blastocysts and are characterized by their properties of self-renewal and pluripotency. A network of core transcription factors (OCT4, SOX2 and NANOG) regulates gene expression to maintain pluripotency in ESCs and Polycomb group (PcG) proteins modify chromatin to prevent differentiation Young, 2011) . Several components of BAF chromatin-remodeling complexes have been implicated in this self-renewal and pluripotency transcriptional network (Table 1) . For example, BRG1 is required to maintain ESC self-renewal and pluripotency (Fazzio et al., 2008; Ho et al., 2009b; Kidder et al., 2009) , by activating the expression of core pluripotency transcription factors while repressing differentiation-specific genes. BRG1 binds to the promoter regions of key pluripotency genes, PcG genes and some of their target genes (Ho et al., 2009a; Kidder et al., 2009 ), and appears to act by modulating LIF/STAT3 signaling and Polycomb function (Ho et al., 2011) .
In mouse ESCs, this specialized role of BRG1 is mediated by the formation of an ESC-specific BAF complex called esBAF, which contains BRG1, BAF155 and BAF60A but lacks BRM, BAF170 and BAF60C (Ho et al., 2009b) . In human ESCs, however, esBAF complex composition is different; human esBAF contains both BAF155 and BAF170, and BAF170 is required to maintain human ESC pluripotency (Wade et al., 2015; Zhang et al., 2014) . Accordingly, BAF170 depletion causes loss of pluripotency and its overexpression in human ESCs causes impaired differentiation to mesoderm and endoderm lineages. This is not due to the primed state of human ESCs versus the naive state of mouse ESCs but could be due to the inherent difference between mouse and human and might mark rodent-human divergence in BAF complex function. In addition to its role in maintaining pluripotency, BRG1 is essential during trophoblast development, where it represses Nanog via HDAC1-mediated H3K9/14 deacetylation (Carey et al., 2015) and Oct4 by a Cdx2-mediated mechanism (Wang et al., 2010) . Thus, BRG1 appears to support self-renewal and pluripotency by chromatin remodeling and conditioning the genome for proper signaling while simultaneously repressing core pluripotency factors in non-ESC lineages.
Several other subunits of the BAF complex have important roles in maintaining pluripotency, largely via reorganizing chromatin and redistributing histone marks. Both BAF250A and BAF250B have distinct roles in early stages of development, regulating embryonic stem cell pluripotency, differentiation and cell lineage decisions Yan et al., 2008) . BAF250A mutant ESCs differentiate into ectoderm lineages but are defective in differentiation towards cardiomyocyte or hepatocytes lineages. BAF250A appears to regulate lineage decisions by modulating esBAF and PcG activities and nucleosome occupancy at poised chromatin regions . The subunits BAF155 and BAF60A are also crucial for ESC differentiation. They act to repress the pluripotency genes Nanog and Klf4, respectively, via chromatin reorganization, compaction and heterochromatin formation upon initiation of differentiation (Alajem et al., 2015; Schaniel et al., 2009) . Furthermore, BAF60A regulates transcription by binding to bivalent genes and re-distributing H3K4me3 and H3K27me3 marks to regulate gene expression. The role of BAF complex subunits in maintaining pluripotency is also supported by their ability to induce the reprogramming of terminally differentiated cells. Knockdown of the ATPase subunit BRM or the core subunit BAF170, both of which are mostly expressed in terminally differentiated cells and absent in ESCs, gives rise to better reprogramming outcomes (Jiang et al., 2015) . BRG1 and BAF155 facilitate OCT4-SOX2-KLF4-MYC-mediated reprogramming by facilitating OCT4 binding and increasing the euchromatin content of the cells (Singhal et al., 2014 (Singhal et al., , 2010 . BAF complexes are thus important regulators of the core pluripotency transcriptional network that function to establish and maintain pluripotency in ESCs, and reorganize chromatin to allow differentiation.
From implantation through to gastrulation
A number of BAF subunits are involved in implantation and early development of the embryo. BRG1 is essential during periimplantation development, and Brg1 homozygous mutants die from failure to develop both the ICM and the trophectoderm (Bultman et al., 2000) . Unlike BRG1, BRM is not essential for early embryonic development, and Brm-null mice are viable (Reyes et al., 1998) , although a recent study revealed that Brm-knockout mice express functional transcripts, suggesting incomplete knockout (Thompson et al., 2015) . BRM has non-redundant roles with BRG1 during some, but not all, developmental processes in embryogenesis (Smith-Roe and Bultman, 2013) . The associated subunits, BAF155, BAF47 and BAF250A are also required for peri-implantation development Guidi et al., 2001; Han et al., 2008; Kim et al., 2001; Klochendler-Yeivin et al., 2000; Roberts et al., 2000) , further establishing the crucial role of BAF subunits during early embryonic development.
It is also evident that several BAF complex subunits have active roles as embryos undergo gastrulation and form the three germ layers. BRG1 and BAF250A, for example, are required for mesoderm formation. During in vitro directed differentiation of ESCs to cardiomyocytes, loss of Brg1 (Alexander et al., 2015) impairs mesoderm induction, leading to a loss of mesoderm-derived cardiomyocytes. BRG1 colocalizes with and activates H3K27ac-enriched distal enhancers for mesodermal gene induction and represses non-mesodermal developmental genes via a PcGmediated mechanism. In agreement with these observations, BRG1 binds distal regulatory elements in multiple developing organs during embryogenesis, and BRG1 occupancy correlates with active and repressive histone marks and gene expression (Attanasio et al., 2014). The loss of BAF250A also results in defective mesoderm formation, with a reduction in mesoderm-derived cardiomyocytes and adipocytes . Thus, BAF subunits collaborate with different histone modifications to drive gene expression during mesoderm lineage commitment.
BAF complexes in neural development
Many BAF complex subunits are involved in cell differentiation and development throughout neural development (Fig. 4) . Both Brg1 and Baf155 heterozygous mutants exhibit neural tube closure defects and exencephaly, suggesting that BAF complexes have an important and dosage-sensitive role in neural differentiation and development (Bultman et al., 2000; Kim et al., 2001) . In agreement with these observations, BRG1 is required during both neuronal and glial differentiation (Marathe et al., 2013; Matsumoto et al., 2006; Weider et al., 2012; Yu et al., 2013) . In the central nervous system, the differentiation of glial progenitor cells to form first immature and subsequently mature myelinating oligodendrocytes requires BRG1 (Yu et al., 2013) . In this context, the oligodendrocyte-specific transcription factor OLIG2 coats the H3K27ac-containing enhancer regions of myelination-specific genes and recruits BRG1 to these sites. This combination of transcription factor, chromatin remodeler and activating histone mark drives oligodendrocyte differentiation and myelination. In the peripheral nervous system, BAF complexes are essential for the differentiation of Schwann cells (Weider et al., 2012) . Here, SOX10, a Schwann cell-and melanocyte-specific marker, interacts with BAF60A and recruits the BAF complex to enhancer regions of genes encoding the Schwann cell differentiation-specific transcription factors OCT6 and KROX20 to drive differentiation and maturation. However, a recent study found that the role of BRG1 is less significant during (Bultman et al., 2006) , implantation (Bultman et al., 2000) , mesoderm formation (Alexander et al., 2015) . Differentiation to neurons , lymphocytes (Chi et al., 2003) , adipose tissue (Pedersen et al., 2001) , heart tissue (Hang et al., 2010; Stankunas et al., 2008; Takeuchi et al., 2011) . Differentiation of hair follicles , Schwann cells (Weider et al., 2012) , thymocytes (Chaiyachati et al., 2013; Jani et al., 2008) , melanocytes and blood cells (Wiley et al., 2015; Willis et al., 2012) BRM (Smarca2) Embryogenesis (Smith-Roe and Bultman, 2013) , smooth muscle tissue development (Zhang et al., 2011) , differentiation and development of vasculature and vascular integrity (Wiley et al., 2015; Xu and Fang, 2012) , skeletal muscle development (Albini et al., 2015) , metabolic homeostasis in cardiomyocytes (Banerjee et al., 2015) ARID1 members BAF250A (Arid1a) Regulates nucleosome occupancy during ESC differentiation , controls hematopoietic progenitor pool (Krosl et al., 2010) and cardiac precursor differentiation from second heart field cells (Lei et al., 2012) BAF250B (Arid1b) Maintenance of ESC pluripotency (Yan et al., 2008) PBAF complex BAF200 (Arid2) Heart morphogenesis and coronary artery development (He et al., 2014) , osteoblast differentiation 
Cardiac chamber maturation (Wang et al., 2004) , coronary development (Huang et al., 2008 ) Scaffolding proteins BAF155 (Smarcc1) Early embryonic development (Kim et al., 2001) , ESC differentiation (Schaniel et al., 2009) , extra-embryonic vascular development , B-cell development (Choi et al., 2012) , T-cell maturation (Lee et al., 2007) BAF170 (Smarcc2) Pluripotency and endodermal lineage differentiation (Wade et al., 2015) , brain development (Narayanan et al., 2015; Tuoc et al., 2013 
ESC differentiation (Alajem et al., 2015) , lipid metabolism (Li et al., 2008) BAF60C (Smarcd3) Left-right asymmetry (Takeuchi et al., 2007) , muscle development (Forcales et al., 2012; Forcales, 2014) , heart tissue specification (Lickert et al., 2004; Takeuchi and Bruneau, 2009; Cai et al., 2013) .
T-cell differentiation (Chi et al., 2002 ) Actin and actinlike proteins BAF53A (Actl6a) Neural progenitor proliferation , function of hematopoietic stem cells (Krasteva et al., 2012 ) BAF53B (Actl6b) Activity-dependent dendritic growth , synaptic plasticity and memory (Vogel-Ciernia et al., 2013) SNF5 homolog BAF47 (Smarcb1) Early embryonic development (Guidi et al., 2001; Klochendler-Yeivin et al., 2000; Roberts et al., 2000) 
Neural progenitor proliferation (BAF45A) B-cell lymphoma members BCL7A, BCL7B, BCL7C, BCL11A, BCL11B
Neural development BRD7, BRD9 Activation and repression of target genes in ES cells (BRD7) (Kaeser et al., 2008) 
GLTSCR1
Present in the embryonic stem cell-derived BAF complex (Ho et al., 2009b) SS18, CREST (Ss18l1) Neural development (Staahl et al., 2013) *Current mouse gene symbols are listed only where they differ from protein nomenclature.
oligodendrocyte differentiation than it is during the differentiation of Schwann cells (Bischof et al., 2015) . BAF complexes also play essential roles in neural progenitors. An important switch in BAF complex composition occurs as neural progenitors differentiate into mature neurons, whereby the neural progenitor-specific BAF45A (Phf10) and BAF53A (Actl6a) subunits are replaced by mature neuron-specific BAF45B (Dpf1), BAF45C (Dpf3) and BAF53B (Actl6b) isoforms Wu et al., 2007) . In line with this, short hairpin-mediated knockdown of Baf45a and/or Baf53a causes reduced proliferation, whereas overexpression of Baf45a increases the mitotic activity of neural progenitors . The neural progenitorspecific BAF complex modulates both Notch and Sonic hedgehog (Shh) signaling to support proliferation and keep cells in a state poised for differentiation to post-mitotic neurons . In post-mitotic neurons, BAF53B is essential for activitydependent dendritic growth and branching. A neuron-specific BAF complex containing BAF53B recruits the Ca 2007). In agreement with these observations, BAF53B was found to be essential for long-term memory and synaptic plasticity (VogelCiernia et al., 2013) . The switch from neural progenitor-specific BAF53A to neuron-specific BAF53B is mediated by repression of BAF53A by the microRNAs (miRNAs) miR-9* and miR-124, which are highly expressed in post-mitotic neurons. In neuronal progenitors, by contrast, miR-9* and miR-124 are repressed by the transcriptional repressor REST. As REST activity declines in postmitotic neurons, miR-9* and miR-124 bind to the 3′ untranslated region of BAF53A, facilitating its repression and the expression of BAF53B (Yoo et al., 2009 ). These miRNAs are also crucial for the direct reprogramming of human fibroblasts to neurons (Yoo et al., 2011) ; miR-9/9* and miR-124 can reprogram fibroblasts to mature neurons, facilitated by NEUROD2. Reprogramming efficiency is increased in the presence of the neurogenic transcription factors ASCL1 and MYT1L; however, these transcription factors alone (i.e. without miR-9/9* and miR-124) cannot reprogram fibroblasts to neurons. Furthermore, the switch in BAF subunit composition involves the removal of SS18, a target of oncogenic translocation in synovial sarcoma that is present in the BAF complex at the progenitor stage, and its replacement by CREST, a calcium-responsive transactivator and SS18-like protein that is found in mature neuron-specific BAF complexes Staahl et al., 2013) .
The BAF170 subunit also has significant roles in neurogenesis. During neurogenesis, radial glia act as neuronal progenitors that undergo direct neurogenesis to produce deep layer neurons or indirect neurogenesis to produce intermediate progenitors that differentiate into neurons to populate the upper layers of the developing cerebral cortex. BAF170-containing BAF complexes facilitate direct neurogenesis and inhibit indirect neurogenesis to regulate cortex size (Tuoc et al., 2013) . They do so by regulating the chromatin landscape and inhibiting the binding of REST to promoters of PAX6 target genes, thereby blocking the proliferation of intermediate and late progenitors during indirect neurogenesis. It appears that BAF170 competes with BAF155 to regulate BAF complex composition and activity. The conditional deletion of both BAF155 and BAF170 subunits revealed that BAF complexes containing these essential subunits are essential for forebrain development (Narayanan et al., 2015) . In this setting, global H3K9ac histone acetylation levels were reduced, and repressive H3K27me2/3 levels were increased, resulting in the downregulation of several genes essential for brain development. Furthermore, BAF complexes regulate H3K27 methylation by interacting with and increasing the activity of the histone lysine demethylases JMJD3 (Kdm6b) and UTX (Kdm6a), regulating their access to histone H3. Together, these findings suggest that distinct BAF complexes undergo compositional changes, interact with specific transcription factors and chromatin regulators, and reorganize the global chromatin landscape to regulate gene expression during brain development.
BAF complex functions during hair follicle and skin development BAF complex components have been implicated in the development and regeneration of various cell types within the epidermis. A molecular circuitry between BRG1 and Sonic Hedgehog (SHH) signaling, for example, regulates hair follicle regeneration . In bulge cells -the multipotent stem cells found in the hair follicle -SHH signaling through GLI transcription factors (GLI1 and GLI2) activates Brg1 (Smarca4) to initiate hair regeneration. However, in matrix cells, which contribute to the bulk of the hair shaft, NFκβ recruitment by BRG1 activates Shh to maintain hair growth. The loss of Brg1 or inhibition of SHH signaling disrupts this molecular circuitry, resulting in failure in hair regeneration and tissue repair (Wang et al., 2000; Xiong et al., 2013) . Thus co-operation between chromatin remodelers, signaling pathways and transcription factors regulates mammalian hair development.
BAF chromatin remodelers are also involved in keratinocyte and melanocyte differentiation. In keratinocytes, both BRG1 and, to a lesser extent, BRM are required for terminal epidermal differentiation (Indra et al., 2005) . Brg1 is expressed at late stages of keratinocyte differentiation, and its conditional deletion results in skin permeability barrier defects, which are slightly accentuated in a Brm (Smarca2) mutant background. Expression of the actin-related protein subunit of the BAF complex, BAF53A, is essential to maintain the epidermal progenitor state and is reduced during terminal keratinocyte differentiation (Bao et al., 2013) . In the absence of BAF53A, the BAF complex binds to epidermal differentiation genes to facilitate their expression. BAF complexes also coordinate with the epidermal differentiation transcription factor P63 to maintain an open chromatin state at P63 binding sites, facilitating the expression of epidermal differentiation-specific genes in keratinocytes (Bao et al., 2015) . BRG1 also has an important role during melanocyte development . Microphthalmia-associated transcription factor (MITF), an important regulator of the melanocyte lineage, physically interacts with several subunits of the PBAF complex, including BRG1 and the chromo and helicase DNA-binding domain protein CHD7, to regulate melanocyte differentiation. At melanocyte-specific active enhancers, BRG1 is recruited by MITF and SOX2, which in turn remodel chromatin and recruit other transcription factors, such as YY1 and TFAP2A, to regulate gene expression during melanocyte development. Overall, these studies highlight that the cell typespecific roles of BAF subunits are mediated by their interaction with lineage-specific transcription factors during hair and skin development.
Roles for BAF complexes during cardiovascular development BAF complex components are essential for multiple stages of cell differentiation during heart development, and for heart formation and post-natal heart function ( Fig. 5) . BRG1, in particular, has crucial roles in multiple transcriptional regulatory pathways. For instance, it is required for the formation and differentiation of neural crest cells, which are essential for the formation of pharyngeal arch arteries and the cardiac outflow tract. BRG1 maintains a neural crest cell progenitor pool by promoting mitosis and inhibiting apoptosis, facilitates neural crest cell maturation to vascular smooth muscle cells and regulates neural crest cell migration to the outflow tract . BRG1 is also a crucial regulator of cardiomyocyte gene expression and differentiation, and its dosage is essential during mouse and zebrafish heart development (Takeuchi et al., 2011) . Deletion of Brg1 in the developing mouse heart leads to severe anomalies in cardiac morphogenesis and dysregulation of cardiac gene expression programs. Brg1 is haploinsufficient in the mouse heart, as heterozygous loss of function results in dilated and disorganized ventricles, ventricular septal defects and a double outlet right ventricle, anomalies that resemble human congenital heart defects. Brg1 genetically interacts with Tbx5, Tbx20 and Nkx2-5, and Brg1 dosage regulates transcription factor occupancy at cardiac promoters. The zebrafish brahma mutant (Gregg et al., 2003) also exhibits severe but specific defects in heart chamber cell allocation (Takeuchi et al., 2011) . In addition, BRG1 is crucial during the development of cardiac trabeculae (Stankunas et al., 2008) , the ridge-like outgrowths that project into the ventricle. In the endocardium, which overlies developing trabeculae, BRG1 directly binds to the promoter region and represses the expression of Adamts1, which encodes a metalloproteinase that degrades cardiac jelly, to facilitate trabeculation. Accordingly, the endocardialspecific loss of Brg1 derepresses Adamts1 and prevents trabeculation, whereas inhibition of metalloproteinase activity rescues the trabeculation defects observed in Brg1 mutants.
BRG1 also functions in the adult heart. The transition from embryonic to adult heart involves a switch in myosin heavy chain (MHC) composition. In mice, this is due to a postnatal change in MHC expression, from predominant Myh7 (β-MHC) expression to Myh6 (α-MHC) expression. This switch occurs at the same time as a reduction in BRG1 expression is seen (Hang et al., 2010) . In addition, Brg1 is reactivated in adult ventricular cardiomyocytes upon cardiac stress, and initiates a gene expression program that switches expression from Myh6 back to Myh7. Brg1 appears to be important for the maladaptive response to stress, as this can be reversed by preventing Brg1 re-expression in the stressed heart. Several other subunits of the BAF complex have important tissue-specific roles in cardiac development. BAF60C, for example, is highly expressed in the developing heart and is required for some BAF complex functions. After gastrulation, cardiac mesoderm cells become rapidly specialized into cardiac progenitors that are marked by the expression of Smarcd3 (also known as Baf60c) (Devine et al., 2014) . The RNAi-mediated knockdown of Baf60c in mouse embryos results in severe defects in heart development and defects in cardiac and skeletal muscle differentiation (Lickert et al., 2004) . The function of BAF60C is ascribed to its ability to potentiate interactions between cardiac transcription factors and a BRG1-containing BAF complex to promote cardiac gene expression. Indeed, BAF60C along with the cardiac transcription factors TBX5 and GATA4 function together to reprogram mouse mesoderm to beating cardiomyocytes (Takeuchi and Bruneau, 2009) . BAF60C is also an essential factor that cooperates with other cardiac transcription factors to reprogram fibroblasts into cardiovascular precursors, further highlighting its importance in cardiac differentiation (Lalit et al., 2016) . Expression of Baf60c (Smarcd3), along with Tbx5 and Gata4, is induced by the Nodal and BMP4 antagonist CER1, resulting in recruitment of BAF60C to an enhancer of Nkx2-5 during cardiomyocyte differentiation (Cai et al., 2013) .
Another BAF subunit, BAF250A, has crucial functions during the commitment of cardiac progenitor cells to beating cardiomyocytes or pacemaker cells (Lei et al., 2012; Wu et al., 2014) . In the second heart field, Baf250a (Arid1a) deletion is embryonic lethal at E13, giving rise to a range of structural heart defects. BAF250A mediates BRG1 recruitment and the remodeling of promoter chromatin to regulate Mef2c, Nkx2-5 and Bmp10 expression as cardiac progenitor cells differentiate into beating cardiomyocytes (Lei et al., 2012) . In sinoatrial node cells, in contrast, BAF250A along with TBX3 and the histone deacetylase HDAC3 repress Nkx2-5 expression to prevent differentiation to a 'working' cardiomyocyte fate .
The PBAF complex subunits BAF200 and BAF180 are implicated in cardiac chamber morphogenesis and coronary artery development (He et al., 2014; Huang et al., 2008; Wang et al., 2004) . Baf180 (Pbrm1)-null mice die at E14.5, exhibiting severely hypoplastic ventricles due to failure in ventricular cell growth. BAF180 is also required for placental trophoblast growth, although the heart phenotype appears independent of placental defects. BAF180 directly regulates retinoic acid (RA) signaling by binding to the promoter region of Rarb2 (which encodes an RA receptor) and Crabp2 (which encodes an RA-binding protein) to regulate heart development (Wang et al., 2004) . BAF180 is also involved in epithelial to mesenchymal transition (EMT), epicardial cell maturation and ventricular coronary vessel formation, and it positively regulates FGF, TGFβ and VEGF signaling during coronary development (Huang et al., 2008) . BAF200, on the other hand, has a specific role in coronary artery development, where it is required for the conversion of venous cells to arterial endothelial cells (He et al., 2014) . Thus, it appears that BAF complex components integrate signaling pathways and transcription factors occupancy to regulate different aspects of cardiac development. 
BAF complexes in skeletal muscle development
The BAF complex subunits BRG1, BRM and BAF60C play distinct roles during different stages of muscle development, acting to regulate the expression of four myogenic regulatory factors -Myf5, Myod1, Myf6 and Myog -that are key for muscle progenitor commitment and differentiation. BRG1 is recruited to the Myog promoter in a MYOD1-dependent manner to regulate myogenic miRNA expression and muscle gene transcription (de la Serna et al., 2005; Mallappa et al., 2010) . BRG1 is also responsible for the initiation of a muscle-specific transcriptional program (Albini et al., 2015) . The other BAF complex catalytic subunit, BRM, represses the cell-cycle gene Ccnd1 to facilitate cell cycle exit upon differentiation, before the initiation of myogenic transcription. Separately, BRM also activates the transcription of late musclespecific genes (Albini et al., 2015) . BAF60C, however, interacts with MYOD1 and facilitates its binding at MYOD1 target sites, before muscle differentiation. In response to differentiation, BAF60C is phosphorylated by P38α, promoting its incorporation into a BRG1-containing BAF complex, which participates in initiating muscle-specific gene expression (Forcales et al., 2012) . In addition, the forced expression of BAF60C and MYOD1 can directly reprogram human ESCs to a committed muscle progenitor fate -bypassing the mesoderm stage -and produce skeletal myofibers upon differentiation, further demonstrating the instructive role of BAF60C in myogenesis . While MYOD1 is responsible for repressing ESC-specific genes, it is not sufficient to initiate myogenic transcription, and thus, BAF60C is additionally required to induce muscle-specific genes.
There are three isoforms of BAF60 protein in mammals: BAF60A, BAF60B and BAF60C. How the expression of BAF60C is selected over that of the other two isoforms during myogenesis has recently been uncovered (Goljanek-Whysall et al., 2014; Saccone et al., 2014) . These studies showed that, during early somite differentiation, the muscle-specific miRNAs miR-133 and miR1/206 repress the translation of BAF60A and BAF60B, resulting in a switch from primarily a BAF60A-containing complex to a BAF60C-containing complex. Thus, a change in the subunit composition of the BAF complex, via microRNA-mediated repression of alternative BAF60 subunit isoforms, appears to facilitate the formation of a musclespecific BAF complex that is capable of MYOD1 interaction and muscle-specific gene expression.
Roles for BAF complexes during immune cell development
BAF complexes influence the development of various immune cell types. For example, BAF complex subunits have specific and important roles in maintaining hematopoietic stem cells (HSCs), the stem cells that give rise to all cellular components of blood (Krasteva et al., 2012) . They also control the differentiation of HSCs to different lineages (Bultman et al., 2005; Griffin et al., 2008; Vradii et al., 2006) and, subsequently, different stages of B-and Tcell development.
The BAF complex subunits BRG1 and BAF155 regulate early stages of B-cell development (Choi et al., 2012) . In the absence of BAF155, HSCs show defects in common lymphoid progenitor formation, whereas either Baf155 (Smarcc1) inactivation or loss of Brg1 affects pro-B cell development and survival by directly affecting the expression of the pro-B-cell-specific genes Ebf1 and Il7ra. Compared with its role in B-cell development, BRG1 has a far greater role during B-cell activation and activation-dependent cell proliferation, as evaluated by BRG1-mediated gene expression in naive and activated B cells (Holley et al., 2014) . However, it is unknown if the specific assembly of BAF complex subunits into a BRG1-containing complex mediate the role of BRG1 in B-cell development and activation.
BAF complexes also play essential roles in various stages of Tcell development, where they remodel chromatin in response to different signals and regulate transcription (Chi et al., 2003; Gebuhr et al., 2003) . In particular, they control the expression of T-cell coreceptors on the surface of T cells. Mature T cells express either CD4 or CD8 co-receptors, and BRG1 regulates CD8 activation, whereas both BRG1 and BAF57 are involved in silencing of CD4 (Chi et al., 2002) . Accordingly, CD8
+ cells are greatly reduced in Brg1 +/− mutants, and both Brg1 and Baf57 (Smarce1) mutants prematurely produce CD4 + cells. CD4 repression depends on a 434 bp transcriptional silencer region, and both BRG1 and BAF57 increase chromatin accessibility by reducing H1 linker histone content and facilitating the binding of RUNX1, a transcriptional repressor, to this silencer region (Wan et al., 2009) . BRG1 is also involved in CD4 activation and regulatory T-cell activation, which partially require its chromatin-remodeling ability and physical interactions between BRG1 and the Cd4 locus (Chaiyachati et al., 2013; Jani et al., 2008) .
During erythropoiesis, the protein products of both α-and β-globin genes are combined to form αβ heterotetrameric proteins that ultimately form hemoglobin, the central component of erythrocytes. BRG1 regulates expression of both α-and β-globin genes by modifying nucleosome architecture near the promoter of these genes and by promoting the interaction between the promoter and a major regulatory element present far upstream. Furthermore, it modifies global histone H3 acetylation and H3K4me2 levels at these sites. Consistently, loss of BRG1 function leads to reduced expression of both α-and β-globin genes (Kim et al., 2009a,b) . Thus, BAF complexes promote long-range interactions between enhancer and promoter regions to facilitate gene expression during erythropoiesis.
In summary, BAF complexes are involved in almost every stage of cell proliferation and differentiation during mammalian development. Distinct subunits form specialized BAF complexes and recruit them to specific genomic loci to provide cell typespecific functions. Far from being general transcriptional facilitators, BAF complexes have surprisingly specialized functions across the genome. A central function for BAF complexes appears to be their role downstream of signaling cascades, leading to the regulation of transcription by modulating transcription factor dosage. BAF complex-mediated chromatin reorganization by virtue of nucleosome redistribution appears to play a central role in regulating the transcriptional outcomes in different tissue types, with tissue specificity attributed to temporal expression and association of specific subunits with specialized BAF complexes. Furthermore, BAF complexes also function via non-coding RNAs (Flynn et al., 2016; Han et al., 2014; Prensner et al., 2013) and might mediate long-range chromosomal interactions to regulate gene expression. As new subunits are identified (for example the B-cell lymphoma family of proteins, such as BCL7A-C, BCL11A,B and bromodomain-containing proteins BRD7,9) and found to be part of stable BAF complexes Kaeser et al., 2008) , analyzing the function of these subunits in in vitro biochemical assays and via in vivo genetic perturbations may provide new insights into the role of these specialized BAF complexes.
Developmental roles of ISWI complexes
Similar to BAF complexes, ISWI complexes (Fig. 2B) contain one of two catalytic subunits with conserved ATPase and helicase domains, and 2-4 accessory subunits ( Table 2 ). The two ISWI ATPase subunits found in mammals are SNF2H and SNF2L, both of which show distinct expression profiles (Lazzaro and Picketts, 2001) . Snf2h (Smarca5) is expressed ubiquitously across a variety of tissue types, and is required for early embryonic development, whereas Snf2l (Smarca1) appears to be restricted to post-natal reproductive tissues and the brain (Lazzaro and Picketts, 2001; Stopka and Skoultchi, 2003) . Consistent with these observations, Snf2h but not Snf2l is essential for survival, and Snf2l-knockout mice survive and reproduce normally (Yip et al., 2012) . Below, we describe the developmental roles of different ISWI complexes.
A number of studies highlight key roles for ISWI complex components during early mouse embryo development (Fig. 3) . SNF2H, as well as the BAF complex component BRG1, colocalizes with and regulates the function of transcription intermediary factor 1α (TIF1α), which mediates the initial wave of transcription in the one-cell zygote before ZGA occurs. Both SNF2H and BRG1 are mislocalized in the absence of TIF1α and inhibition of Snf2h levels results in misregulation of a subset of TIF1α-regulated genes, indicating a crucial role for SNF2H in zygotic transcription regulation (Torres-Padilla and Zernicka-Goetz, 2006) . Consistent with this role, SNF2H was shown to be essential for early mouse development; homozygous Snf2h mutants display peri-implantation lethality because of a failure to proliferate both trophectoderm and ICM (Stopka and Skoultchi, 2003) . A SNF2L-containing NURF remodeling complex (Barak et al., 2003) is required shortly after embryo implantation (Landry et al., 2008) . Mutants for Bptf (bromodomain PHD finger transcription factor), which encodes the largest subunit of NURF, fail to differentiate any mesoderm, endoderm or ectoderm tissue lineages, indicating a crucial role for BPTF in germ layer formation. Furthermore, the inability of Bptf mutants to form distal ventral endoderm and the dependence of SMAD-responsive gene expression on BPTF suggest a crucial role for NURF as a cofactor for SMAD transcription factors (Landry et al., 2008) . Thus, both BAF and ISWI complexes have similar roles during development in early embryonic growth and implantation.
Both SNF2H-and SNF2L-containing complexes are also essential during the development of ectoderm-derived lineages (Alvarez-Saavedra et al., 2014; Barak et al., 2003; Koludrovic et al., 2015; Yip et al., 2012) . During nervous system development (Fig. 4) , SNF2H has a role in the proliferation of neural progenitors that is partially compensated by SNF2L. Conditional Snf2h mutants show impaired proliferation of granule neuron progenitors and Purkinje cells, and increased cell death leading to postnatal neural maturation defects. SNF2H seems to act on the C-terminal tail of histone H2A to block H1 linker histone loading to chromatin and, thus, maintains a permissive environment for progenitor proliferation and neural gene expression during cerebellum development (Alvarez-Saavedra et al., 2014) . SNF2L, on the other hand, is involved in repressing the proliferation of neural progenitors to regulate proper brain size. Conditional deletion of Snf2l increases neural progenitor proliferation and self-renewal, and expression of the transcription factor FOXG1. SNF2L directly represses Foxg1 expression by occupying its promoter region, hence maintaining a balance between neural progenitor proliferation and subsequent differentiation during brain development (Yip et al., 2012) . Another SNF2L-containing complex comprising SNF2L and CECR2, called the CERF complex, is involved in neurulation. Homozygous gene-trap Cecr2 mutations cause neural tube defects leading to perinatal lethality (Banting et al., 2005) . Thus, both ISWI ATPase subunits (i.e. SNF2H and SNF2L) have crucial functions and appear to function antagonistically in regulating transcription during brain development.
ISWI complexes are also involved in the differentiation of mesoderm-derived lineages. The SNF2L-containing NURF complex has essential roles in thymocyte development and erythropoiesis (Landry et al., 2011; Stopka and Skoultchi, 2003) . During thymocyte development, the NURF subunit BPTF is essential for the differentiation of CD4 or CD8 single-positive cells to mature T cells and functions by regulating the expression of several thymocyte maturation genes in a TCR-signaling dependent manner. BPTF regulates DNaseI hypersensitivity and interacts with the transcription factor SRF to regulate NURF recruitment at Egr1, a thymocyte maturation-specific gene (Landry et al., 2011) . SNF2H, by contrast, is required for the proliferation of early stage hematopoietic progenitor cells during erythropoiesis (Stopka and Skoultchi, 2003) . SNF2H-and SNF2L-containing complexes thus have distinct roles during the early and late stages of hematopoiesis, respectively. SNF2L is also essential for the proliferation and differentiation of granulosa cells during folliculogenesis (Lazzaro et al., 2006; Pépin et al., 2013) . Mice mutant for Snf2l respond differently to gonadotropin induction, produce very few eggs and have fewer secondary follicles. It appears that Snf2l regulates the transcription of Fgl2, which encodes a prothrombinase required for normal mouse reproduction, to regulate folliculogenesis.
In summary, ISWI proteins form specific complexes containing either one of the catalytic subunits SNF2H or SNF2L, and they appear to have very specific roles in progenitor proliferation and in (Stopka and Skoultchi, 2003) , cerebellar morphogenesis and neural maturation (Alvarez-Saavedra et al., 2014) Reduction in the level of ACF1/BAZ1A in the mouse results in craniofacial features reminiscent of Williams syndrome (Ashe et al., 2008 ) ACF1/BAZ1A is involved in spermatogenesis (Dowdle et al., 2013) WSTF is crucial for neural crest cell formation (Barnett et al., 2012) 
NURF is required during post-implantation embryonic development and ESC differentiation (Landry et al., 2008) and for thymocyte maturation (Landry et al., 2011 ) CERF SNF2L, CECR2 SNF2L is required during neurogenesis (Yip et al., 2012) and oogenesis (Pépin et al., 2013) CERF is involved in neurulation (Banting et al., 2005) *Current mouse gene symbols are listed only where they differ from protein nomenclature.
cell differentiation and maturation, respectively. SNF2H-containing complexes are mostly involved in early embryonic development and in progenitor cells, whereas SNF2L-containing complexes have roles during differentiation and maturation. It seems that these complexes regulate chromatin structure in distinct ways; while SNF2H helps to maintain an open and permissive chromatin structure, SNF2L complexes appear to promote a closed chromatin structure consistent with differentiation and maturation processes. Compared with BAF complexes, the role of ISWI complexes is limited; however, ISWI complexes seem to non-redundantly supplement the function of BAF complexes in both early mammalian development and organogenesis.
Developmental roles of CHD complexes
There are nine different chromodomain helicase DNA-binding (CHD) proteins in mammals (CHD1-9) that either act alone or form complexes with other proteins (Fig. 2C) . As we discuss below, CHD proteins carry out diverse roles (Table 3 ) during early embryonic development (Fig. 3) and in terminally differentiated cell lineages.
CHD1 is essential during pre-implantation embryo development. Genetic deletion or RNAi-mediated knockdown of Chd1 at ZGA results in post-implantation lethality. CHD1 controls the differentiation of ICM and TE by regulating the expression of transcription factor genes such as Oct4, Nanog and Cdx2 during ZGA. Regulation of ICM and TE gene expression by CHD1 is thought to be mediated by its activation of high-mobility group protein transcription factor HMGPI (Suzuki et al., 2015) . CHD4 also has a redundant role during the differentiation of ICM and TE as it facilitates the expression of appropriate genes and restricts expression of inappropriate genes in the ICM and TE (O'Shaughnessy- Kirwan et al., 2015) . In ESCs and epiblast cells, CHD1 maintains optimal transcriptional output by engaging with RNA polymerases I and II to regulate both mRNA and rRNA transcription (Guzman-Ayala et al., 2015) . CHD1 was also found to be associated with euchromatin in ESCs and is essential for maintaining their self-renewal and pluripotency (Gaspar-Maia et al., 2009 ). In line with this, the RNAi-mediated knockdown of Chd1 in ESCs results in self-renewal and pluripotency defects, the loss of differentiation potential to primitive endoderm and an increase in heterochromatic foci. A more recent study suggests that a serine-rich region in the N-terminus region of CHD1 is important for its function in maintaining pluripotency (Piatti et al., 2015) .
CHD-containing NuRD (nucleosome remodeling deacetylase) complexes have also been identified in ESCs and are involved in regulating proper ESC differentiation (Kim et al., 2015) . In ESCs, C-terminal binding protein 2 (CTBP2) colocalizes with pluripotency factors and H3K27ac marks on active genes. However, upon differentiation, CTBP2 associates with CHD4-containing NuRD complexes to deacetylate H3K27 and recruit PRC2 to facilitate H3K27me3-mediated repression. A NuRD complex containing CHD4 and MBD3 also regulates the differentiation of ESCs, interacting with zinc finger protein of the cerebellum 2 (Zic2) at ESC enhancers (Luo et al., 2015) . In agreement with the above findings, CHD proteins are crucial for reprogramming somatic cells to a pluripotent state, and both the NuRD complex and CHD1 improve reprogramming efficiency (Gaspar-Maia et al., 2009; Ozmadenci et al., 2015) . Thus, CHD1 and CHD-containing NuRD complexes appear to have roles similar to those of BAF complexes during pre-implantation development and ES cell pluripotency.
CHD proteins are also associated with lineage commitment decisions and terminal differentiation processes. In the developing brain, for example, CHD family members (CHD4-8) transcriptionally regulate various stages of nervous system development (Fig. 4) . A CHD4-containing NuRD complex is involved in synapse formation (Yamada et al., 2014) , where it represses a number of developmentally downregulated genes in presynaptic granule neurons to drive synaptogenesis. This NuRDmediated repression involves deacetylation of histone 3 at K9/14/27 and subsequent demethylation of H3K4me3 at the promoters of these genes. In contrast, CHD5, which is highly expressed in both fetal and adult brain, is required during neuronal differentiation to Gaspar-Maia et al., 2009; Guzman-Ayala et al., 2015; Piatti et al., 2015) , post-implantation development (Suzuki et al., 2015) and during hematopoietic stem and progenitor cell formation ) CHD2 CHD2 Affects mouse survival as homozygous Chd2 mutants show perinatal lethality (Marfella et al., 2006) , CHD2 influences chromatin accessibility and histone H3.3 deposition at active chromatin regions (Siggens et al., 2015) CHD3 or CHD4 (NuRD complex) CHD3 or CHD4, HDAC1, HDAC2, MBD3 or MBD2, MTA1 or MTA2/3, RBAP46 (Rbbp7), RBAP48 (Rbbp4)
NuRD functions with CTBP2 or ZIC2 to regulate ESC differentiation (Kim et al., 2015; Luo et al., 2015) , regulates lineage specification (Reynolds et al., 2012) NuRD subunit MBD3 has roles during neural cell fate determination and terminal differentiation in the cortex (Knock et al., 2015) and CHD4 has roles in synaptic connectivity in brain (Yamada et al., 2014) . Ikaros-NuRD subunit CHD4 has a role in thymocyte development (Arenzana et al., 2015; Sridharan and Smale, 2007) NuRD has roles in cardiomyocyte proliferation (Garnatz et al., 2014) and in renal progenitor cells during kidney development (Denner and Rauchman, 2013 ) CHD5 CHD5 Orchestrates chromatin remodeling during neurogenesis (Thompson et al., 2003; Vestin and Mills, 2013) and sperm development ) CHD7 CHD7 Involved in charge syndrome (Bajpai et al., 2010; Janssen et al., 2012; Vissers et al., 2004) , neurogenesis (Hurd et al., 2010) , adult brain development (Jones et al., 2015) , cardiac development (Payne et al., 2015) , and proper craniofacial and tracheal development (Sperry et al., 2014 ) CHD8 CHD8 Involved in autism spectrum disorder (Sanders, 2015) and neural development (Bernier et al., 2014; Cotney et al., 2015; Sugathan et al., 2014 ) CHD9 CHD9 Associates with selective promoters of osteoprogenitors (Shur et al., 2006) *Current mouse gene symbols are listed only where they differ from protein nomenclature.
repress genes of non-neuronal lineages (Egan et al., 2013; Thompson et al., 2003; Vestin and Mills, 2013) . During adult neurogenesis, CHD7 is required for keeping neural stem cells in a quiescent state. It represses several cell cycle activators and induces Notch signaling to maintain quiescence (Jones et al., 2015) . Accordingly, the conditional loss of Chd7 in mice results in loss of the neural stem cell pool, premature neural progenitor formation and impaired neuronal maturation. In humans, CHD7 is mutated in patients with CHARGE syndrome, which is characterized by neural, craniofacial, ear, eye and heart defects (Janssen et al., 2012; Vissers et al., 2004) . The morpholino-mediated downregulation of Chd7 in Xenopus embryos recapitulates most CHARGE syndrome symptoms (Bajpai et al., 2010) and the conditional deletion of Chd7 in mice also recapitulates these symptoms (Sperry et al., 2014) . CHD7 is also required for the formation and migration of neural crest cells (Bajpai et al., 2010) , which contribute to the development of craniofacial, peripheral nervous system and heart (Fig. 5) . Specifically, CHD7 interacts with PBAF complex subunits and regulates genes involved in neural crest specific transcription, such as Sox9, Twist and Slug (Bajpai et al., 2010) . Furthermore, CHD7 is required for neurogenesis during inner ear morphogenesis (Hurd et al., 2010) . CHD8, in contrast, is linked to autism spectrum disorder (ASD); reducing the Chd8 dose by half in neural progenitors downregulates genes involved in neural development, including those associated with ASD (Sugathan et al., 2014) . CHD proteins are also involved during heart development. A CHD3/4-containing NuRD complex supports cardiomyocyte proliferation through its interaction with the transcription cofactor FOG2 (Garnatz et al., 2014) . FOG2 interacts with GATA4 and components of the NuRD complex to repress GATA4-mediated transcription. Disruption of the FOG2-NuRD interaction results in perinatal lethality due to atrial and ventricular septal defects and a thin ventricular myocardium. At the molecular level, the FOG2-NuRD interaction inhibits the cell cycle inhibitor gene Cdkn1a to maintain cardiomyocyte proliferation in the myocardium; the FOG2-NuRD disruption phenotype can, thus, be rescued via ablation of Cdkn1a. CHD7, by contrast, transcriptionally regulates multiple processes during heart development and Chd7 mutants, as mentioned above, recapitulate the cardiac aspects of CHARGE syndrome (Liu et al., 2014; Payne et al., 2015) and mutations in CHD7 are found in sporadic cases of human congenital heart defects (Zaidi et al., 2013) .
CHD proteins have also been implicated in several other cell differentiation events during development. For example, CHD1 is specifically required for endothelial to hematopoietic transition (EHT), the process by which definitive hematopoietic stem and progenitor cells arise from endothelial cells of various organs. In this context, CHD1 supports the high transcriptional output of hematopoietic progenitors in a very specific time window and is dispensable before and after formation of hematopoietic stem and progenitor cells . CHD5 has crucial roles during spermatogenesis, in particular during the process of spermiogenesis, in which haploid round spermatids mature into elongated spermatozoa. This event involves extensive sperm chromatin compaction whereby histone proteins are first replaced by transition proteins and then protamines (Govin et al., 2004) . Homozygous Chd5-null mutants exhibit fertility defects owing to abnormal histone H4 acetylation, altered expression of variant histones, delayed nucleosome removal, impaired double-strand break repair, and increased transition protein and protamine expression in both round and differentiated spermatids .
In summary, CHD proteins act to regulate the transcription of specific sets of genes and restrict inappropriate expression of a different set of genes, with the common goal of promoting contextdependent cell proliferation, pluripotency and differentiation. The mechanism of transcriptional regulation is mediated by the interaction of CHD proteins with different lineage-specific transcription factors and histone modifiers, and by their own ability to recognize specific histone marks. Cooperation between CHD proteins and other chromatin remodelers such as members of the PBAF complex has important consequences in neural crest cell proliferation and migration. While basic chromatin recognition and remodeling function is provided by the CHD proteins, recruitment of these complexes to appropriate genomic loci may involve other subunits of the complex they reside in or collaboration with a cell type-specific transcription factor.
Developmental roles of INO80/SWR complexes
The fourth major subfamily of ATP-dependent chromatin remodelers comprises the INO80 and SWR complexes. The ATPase subunits of both of these complexes are characterized by the presence of a conserved insertion in their ATPase/helicase domain ( Fig. 1 ) that is responsible for association of the RVB1/ RVB2 helicase with these complexes (Mizuguchi et al., 2004) . In mammals, the INO80 subfamily consists of the INO80 complex Jin et al., 2005) , whereas the SWR subfamily consists of the SRCAP (Ruhl et al., 2006) and P400/TIP60 complexes, which share subunits both with each other and with the INO80 complex (Table 4 , Fig. 2D ). Chromatin remodeling by the INO80 complex involves ATP-dependent nucleosome mobilization and exchange of histone variant H2A.Z (Papamichos-Chronakis et al., 2011), whereas SWR complexes are primarily involved in the deposition of H2A.Z into H2A-containing nucleosomes (Krogan et al., 2003; Mizuguchi et al., 2004) . As is the case for other chromatin remodelers, these complexes play varied roles during mammalian development.
The INO80 complex is required for ESC self-renewal and pluripotency. The INO80 subunit of the complex binds to the promoter region of ESC master transcription factor genes and facilitates recruitment of the mediator complex and RNA polymerase II . It maintains an open chromatin region at these sites to facilitate ESC-specific gene transcription. Consistent with its role in regulating pluripotency, INO80 facilitates the reprogramming of somatic cells to induced pluripotent stem cells . The SWR-related P400/ TIP60 complex is also a critical regulator of ESC self-renewal and pluripotency (Fazzio et al., 2008) . The crucial role of INO80 complexes (both INO80 and SWR) that manage the exchange and deposition of histone variant H2A.Z to canonical H2A-containing nucleosomes is emphasized by the finding that H2A.Z variants occupy both active and poised promoters in ESCs and are required for proper ESC differentiation (Creyghton et al., 2008; Subramanian et al., 2013) .
SRCAP and INO80 complexes also play roles later in development. The SRCAP subunit P18 Hamlet (ZNHIT1), for instance, is involved in muscle differentiation (Cuadrado et al., 2010) . At the promoter region of the muscle-specific transcription factor gene Myog, P18
Hamlet is phosphorylated by P38 MAP kinase (MAPK14); phosphorylated P18
Hamlet /SRCAP then recruits H2A.Z (H2AFZ), leading to a chromatin structure that is essential for MYOD1 binding and the transcription of Myog. The SWR complex subunit P400 (EP400) has crucial functions during embryonic hematopoiesis (Fujii et al., 2010; Ueda et al., 2007) . It regulates the expression of several embryonic globin genes and deregulates HOX gene expression. In addition, the conditional deletion of P400 in bone marrow cells results in loss of the hematopoietic stem and progenitor cell pool due to defects in cell cycle progression (Fujii et al., 2010) . Finally, INO80 is required for meiotic recombination during spermatogenesis (Serber et al., 2015) . Conditional spermatogonial mutation of Ino80 before meiosis results in impaired synapse formation and double-strand break defects, consistent with its role in DNA replication and DNA damage repair processes (Kato et al., 2012; Vassileva et al., 2014) .
In summary, INO80 complexes are involved in many developmental processes, exerting roles in the regulation of transcription. They share similarities with BAF complexes with regards to maintaining ESC pluripotency, by regulating the expression of master ESC regulators; however, the mechanisms by which they act could be different and may involve their ability to alter chromatin structure by histone variant exchange.
Conclusions and perspectives
As we have highlighted above, ATP-dependent chromatinremodeling complexes catalyze crucial functions during the development of diverse tissue types in mammals. A close inspection of these various activities suggests that a combination of factors contributes to the specificity of chromatin-remodeler function. First, it is clear that chromatin remodelers condition chromatin in an ATP-dependent manner to facilitate or impede the binding of transcriptional regulators. However, in a non-ATPdependent manner, they also interact with different transcription factors to regulate transcription. Importantly, chromatin remodelers bring specificity to transcription by incorporating tissue-specific subunits into the complex. Often these subunits are permissive to signaling cues and recruit transcription factors to pre-coat chromatin before assembling into a specialized remodeling enzyme with specific chromatin-remodeling activities on the target genes. Second, the combinatorial assembly of multiple subunits creates chromatin remodelers with very specific functions. Often a particular combination of subunits has a function in a progenitor cell, whereas another combination is required for chromatin remodeling in differentiated cells. How such subunit switches occur in response to differentiation signals is incompletely understood at present, although miRNA-based post-transcriptional regulation appears to be important. Third, it is becoming evident that chromatin remodelers collaborate with histone-modifying complexes to install specific histone marks at regulatory sites, which in turn regulate transcription. Depending upon the collaboration (e.g. activating or repressing histone modifications), chromatin remodelers can exert their specificity in different cell types or on the same cell type but on different transcriptional programs. Finally, a number of studies have revealed that chromatinremodeler specificity is determined by several other mechanisms, including regulation by non-coding RNAs, chromatin architecture, transcriptional memory and the covalent modification status of histone and DNA.
Our understanding of the roles of ATP-dependent chromatinremodeling complexes is slowly increasing but could be improved, for example, by employing new techniques and approaches in analyzing their biochemical, cellular and developmental functions during mammalian development. The isolation of chromatin-remodeling complexes from different tissue types together with a comparison of their remodeling activities in vitro will shed light on the types of reaction they each catalyze. Knowing whether a tissue-specific remodeler assembles, dissembles or slides nucleosomes, or whether it exchanges one histone for a variant, might help in understanding its tissue-specific function. Understanding the relative abundance of different remodeler subunits and their alterations during differentiation will also be important for understanding the biochemical nature of tissue-specific complexes. This is more achievable now with the advent of sensitive mass spectrometers and peptide quantification methods. In addition, determining how chromatin remodelers collaborate with transcription factors and other chromatin regulators in specific tissues will be important and tissue-specific chromatin or DNA capture combined with sensitive mass spectrometry would provide such information. Finally, cell typespecific, whole-genome RNA analyses, and the examination of patterns of protein binding and histone and DNA modification will be essential to understand how chromatin remodelers function in diverse cell types. Such an improved understanding of chromatin remodelers, their activities and their roles during development will provide opportunities for designing therapeutic strategies for regeneration and for the treatment of developmental disorders. and is required during spermatogenesis (Serber et al., 2015) SRCAP SRCAP, H2AZ (H2afz), ARP4 (Actl6a), ARP6 (Actr6), RVB1 (Ruvbl1), RVB2 (Ruvbl2), BRD8, ZNHIT1, YL1 (Vps72), GAS41 (Yeats4) and DMAP1
SRCAP is involved in muscle differentiation (Cuadrado et al., 2010) P400/ TIP60 TIP60 (Kat5), ING3, BRD8, MRG15 (Morf40l1), MRGBP, P400 (Ep400), TRRAP, Eaf6 (Meaf6), YL1 (Vps72), GAS41 (Yeats4), DMAP1, RVB1 (Ruvbl1), RVB2 (Ruvbl2), β-actin (Actb) and ARP4 (Actl6a) P400/mDomino has essential roles in embryonic hematopoiesis (Ueda et al., 2007) and ES cells (Fazzio et al., 2008) *Current mouse gene symbols are listed only where they differ from protein nomenclature.
